Introduction
============

Resistance to antimicrobial drugs represents a looming and increasingly serious public health crisis.[@b1-ijn-9-1453] Systemic infections caused by methicillin-resistant *Staphylococcus aureus* (MRSA) and other bacteria are responsible for millions of deaths worldwide, and much of this mortality is due to the rise of antibiotic-resistant organisms as a result of natural selection. Of particular concern are hospitalized patients, presenting an increased risk of contracting bacterial diseases during their hospital stay each year. Because antibiotic-resistant infections double the duration of hospital stay, as well as mortality and morbidity rates, when compared with drug-susceptible infections, extensive stewardship campaigns have been promoted to encourage prudent use of antibiotics and to limit unnecessary exposure to these compounds.[@b2-ijn-9-1453]

MRSA isolates are resistant to all available penicillins and other β-lactam antimicrobial drugs and represent a dangerous pathogen for both community-acquired as well as hospital-associated infections.[@b3-ijn-9-1453] MRSA has emerged as a significant nosocomial pathogen in the last decade and is now endemic in most European countries.[@b4-ijn-9-1453] This bacterium is a major public health danger because its eradication from hospitals is very difficult as it exhibits genetic variation in bacterial populations.[@b5-ijn-9-1453] Thus, individual bacteria develop several mutations that make antibiotics ineffective, resulting in the proliferation of the resistance trait.[@b6-ijn-9-1453]

Although new antibiotics are currently being developed, these represent different versions of the existing drug classes for which MRSA exhibit decreased susceptibility. Newer antibiotics may help to offset the onward march of MRSA resistance, but it has become increasingly apparent that new technologies for rapid detection of MRSA carriage and treatment are needed.[@b7-ijn-9-1453]

Nanotechnology might be crucial for drug delivery, and nanoparticles are of high importance in the optimization of drug delivery to target sites in the body. These nanoparticles can potentially be engineered as drug-delivery tools.[@b8-ijn-9-1453]

During the last decade, advances in functionalization chemistry have been one of the driving forces in the development of new classes of novel nanomaterials for applications in biology and medicine.[@b9-ijn-9-1453]--[@b15-ijn-9-1453] Gold nanoparticles (GNPs) with their physiochemical malleability and large surface area can strongly absorb near-infrared (NIR) radiance in the visible region by inducing coherent collective oscillation of conduction band electrons in strong resonance with visible frequencies of light.[@b16-ijn-9-1453]

This phenomenon is often termed surface plasmon resonance (SPR), and it is one of the most explored characteristics of this noble metal.[@b17-ijn-9-1453],[@b18-ijn-9-1453] During laser excitation, the resonance frequency of SPR is strongly dependent upon the size, shape, interparticle interactions, as well as on the dielectric constant of the surrounding medium.[@b19-ijn-9-1453] Thus, when nanoparticle size increases, the collective oscillation of the conduction electrons located on its surface is translated into SPR red-shifts.[@b20-ijn-9-1453]

The photothermal properties of GNPs have been systematically studied by several authors using femtosecond transient absorption spectroscopy, showing that laser photoexcited gold nanostructures yield exceptionally high absorption coefficients and scattering properties within the ultraviolet (UV)-visible wavelength range,[@b14-ijn-9-1453],[@b21-ijn-9-1453],[@b22-ijn-9-1453] allowing their applicability in nanophotothermolysis experiments.[@b20-ijn-9-1453],[@b23-ijn-9-1453],[@b24-ijn-9-1453]

This SPR response as a consequence of laser irradiation is followed by phonon--phonon interactions, where the nanoparticle lattice cools rapidly by exchanging energy within a layer of the medium surrounding the nanoparticles, for instance cell or bacteria.[@b18-ijn-9-1453],[@b25-ijn-9-1453],[@b26-ijn-9-1453]

The aim of our research was to study whether pretreatment NIR activation of GNPs enhances the toxicity of nanoparticles in MRSA organisms. We hypothesized that laser photoexcitation of the conduction electrons which oscillate at the surface of GNPs (prior to administration to MRSA bacteria) enhance the nonradiative relaxation through electron--phonon and subsequent phonon--phonon coupling mechanisms, leading to bacterial membrane disruption. This is, to our knowledge, the first report that describes the increased necrotic efficacy in anti-MRSA treatment following administration of plasmonic GNPs.

Methods
=======

Reagents
--------

Reagents needed for the synthesis of GNPs were purchased from Sigma-Aldrich (St Louis, MO, USA). The immunoassay kits (LIVE/DEAD® BacLight™ Bacterial Viability test) used in the experiments were purchased from Life Technologies (Carlsbad CA, USA).

Synthesis of GNPs
-----------------

GNPs were obtained using 10 mg sodium borohydride dissolved in 120 mL of deionized water, further added to 50 mL of 200 μmol/L aqueous solution of tetracholoroauric acid. The mixture underwent continuous stirring for 24 hours. The obtained product was further centrifuged at 10,000× *g* for 45 minutes at 10°C. The resulting GNPs were filtered through a 0.22-μm filter and used as described elsewhere.[@b27-ijn-9-1453]

Characterization of GNPs
------------------------

A Shimadzu UV-Mini 1240 (Shimadzu Corporation, Kyoto, Japan) UV-visible spectrophotometer was used to analyze the characteristic SPR band of the GNPs.[@b28-ijn-9-1453],[@b29-ijn-9-1453] The size of the nanoparticles was assessed using Zetasizer DLS (Malvern Instruments, Malvern, UK) system.

Nanoparticle therapeutics
-------------------------

MRSA bacteria in our experiments were cultured in amino acid-rich aqueous solutions (Sigma-Aldrich) until reaching a flow cytometric density of 5--6 × 10^3^/mL (in O~2~ atmosphere). The plasmon resonance-induced NIR-activated GNPs were added to the MRSA solution and incubated at various time intervals (1 minute, 30 minutes, 1, 5, and 24 hours) and at increasing concentrations (1, 5, 20, and 50 mg/L). Following incubation, the MRSA-containing tubes were placed in a high speed ultracentrifuge at 11,000× *g* and centrifuged for 10 minutes. The resulting pellet was further re-immersed into a clean solution of amino acids. Every experiment was performed in triplicate for all concentrations.

Culture and characterization of MRSA
------------------------------------

A swab sample intraoperatively collected from a surgical patient after an intra-abdominal abscess was directly inoculated into an MRSA selective agar and further incubated (for 48 hours at 35°C in O~2~ atmosphere). The MRSA colony was confirmed by tube coagulase and DNase testing. Resistance to MRSA was assessed using cefoxitin disk screen test. Multidrug-resistant MRSA bacteria were defined as microorganisms possessing resistance to all non-B-lactam antibiotics, including tetracycline, erythromycin, ciprofloxacin, and trimethoprim/sulfamethoxazole.

The minimum inhibitory concentration (MIC) method was used to evaluate bactericidal effect of both types of GNPs. The MIC classic methodology (dilution tests) proposed by Mazzola et al[@b30-ijn-9-1453] was adapted to 96-well microplates as described by dos Santos et al.[@b7-ijn-9-1453]

The bacteria concentration we used to assess antimicrobial effectiveness of GNPs/pre-GNPs was approximately 10^4^ CFU/mL. The minimum inhibitory concentration was considered the percentage of the original GNP/pre-GNP dispersion in the medium. Thus, an MIC value of 50% indicates a solution containing 50% of the nanoparticles in the original synthesis dispersion. To minimize the evaporation of the culture medium of the test wells during the incubation, 200 μL of deionized sterile water was added on the inner perimeter wells of the microplates. One hundred microliters of the culture medium was distributed in 12 of the 96 wells, except for well 1. In the first and second wells of the microplate row, 100μL of the GNP dispersion was added. Both wells were mixed with a micropipette, and 100μL was next transferred from well 2 to well 3 and successively repeated until well 11. Ten microliters of the MRSA solution (approximately 10^4^ CFU/mL) was added in all wells (but not in well 11) and further incubated at 37°C in O~2~ atmosphere for 24 hours.

Next, to study the inhibitory effect of the nanoparticles, we inoculated the content (5 μL) of each well in Petri dishes containing specific culture medium. The density of inoculum was standardized to give 10^4^ CFU per spot on the agar. The MIC was considered the lowest concentration of the nanoparticles in which no bacterial growth was noticed (as judged by the naked eye), disregarding a single colony within the surface of the inoculated spot. Wells 11 and 12 were the positive (culture medium plus inoculum) and negative (culture medium plus antimicrobial) controls, respectively.

The same procedure was carried out for the GNPs in order to assess whether these nanoparticles did present any inhibitive effect on the MRSA culture.

Viability measurements
----------------------

Following treatment, 1 × 10^4^ microorganisms in MEM nonessential amino acid solution were pelleted by centrifugation (14,000 RPM, 30 minutes). To evaluate MRSA viability after treatment, LIVE/DEAD BacLight Bacterial Viability test was performed in accordance with the manufacturer's instructions.

Flow cytometry data analysis
----------------------------

MRSA viability tests were assessed using a FACSCalibur (Becton Dickinson, San Jose, CA, USA) flow cytometer with green (FL1 channel −530 nm) and red (FL3 channel \>670 nm) fluorescence employed to distinguish between live and dead populations of microorganisms. Following administration of pre-GNPs, bacterial cultures were analyzed using LIVE/DEAD BacLight kit. Suspensions of treated MRSA (GNPs/pre-GNPs) were analyzed by flow cytometry in accordance with the manufacturer's suggestions. The obtained histogram was further used to determine the percentage of live and dead bacteria using CellQuest™ Pro (BD Biosciences, San Jose, CA, USA) software. All analyzed variables were collected at low speed in logarithmic mode (approximately 15 μL min^−1^), in order to maintain the counting level under 1,000 events per second. Characterization of bacterial populations was performed using Bacteria Counting Kit (Life Technologies) for flow cytometry. The kit includes the SYTO® BC dye (green fluorescent dye; Life Technologies), a nucleic acid stain with high penetrance in Gram-negative bacteria. Signals from the fluorescently labeled bacteria where detected in the green fluorescence channel being displayed on a plot of forward scatter versus fluorescence, in accordance with the manufacturer protocol.

Laser irradiation of GNPs
-------------------------

GNPs (1 mL of GNP solution at various concentrations placed in a glass cuvette with approximately 1 cm^2^ bottom surface) were photoexcited for 10 minutes, using an 808 nm laser with variable output power (up to 2 W/cm^2^). The laser diode was fixed above the surface, approximately 2 cm, in a vertical position.

MRSA-screen latex agglutination test
------------------------------------

The MRSA-screen latex agglutination test (MRSA-Screen; Denka Seiken Co, Ltd Tokyo, Japan) -- a qualitative slide latex agglutination test for the detection of penicillin-binding protein 2′ (PBP2; also called PBP2a) present in isolates of *S. aureus* was performed according to the manufacturer's instructions. The test is extremely useful in identifying MRSA. A suspension of 5 μL *S. aureus* organisms suspended in alkaline extraction agent (0.1 M NaOH) was boiled for 3 minutes, and 50 μL (1 drop) of extraction reagent 2 (0.5 M KH~2~PO~4~) was added. The mixture was centrifuged at 1,500×*g* for 5 minutes at room temperature, and 50 μL of the supernatant was mixed with the latex reagent on a test card. As a negative control, 50 μL of the supernatant was mixed with 1 drop (25 μL) of negative-control latex. After the contents of the slide were mixed on a shaker, agglutination within 3 minutes indicates the presumptive presence of_PBP2.[@b31-ijn-9-1453]

Statistical data analysis
-------------------------

All parameters were expressed as the mean and standard error of the mean. Kolmogorov--Smirnov test was used to assess non-normal data. The Wilcoxon signed-rank test was used to compare similar parameters within different groups. In all cases, α error level was under 0.05. Data were processed using Excel® (Microsoft Corporation, Redmond, WA, USA) application, as well as SPSS Statistics (IBM Corporation, Armonk, NY, USA), version 17.0 packages.

Results
=======

Characterization of GNPs
------------------------

The main goal of this investigation was to study the interaction between MRSA bacteria and laser pre-GNPs ([Figure 1](#f1-ijn-9-1453){ref-type="fig"}). As seen in [Figure 1A](#f1-ijn-9-1453){ref-type="fig"}, there was an average diameter of 27 nm of the synthesized GNPs, as suggested by the Zetasizer DLS system. To monitor changes in absorption and scattering peaks following irradiation, we further displayed the UV-visable absorption peak shifts against laser power. As seen in [Figure 2](#f2-ijn-9-1453){ref-type="fig"}, the peak wavelength shifted to longer wavelengths together with the increase in laser power, a characteristic that has also been described by other authors.[@b32-ijn-9-1453]

Prior to laser irradiation, the specific SPR adsorption peak of the GNPs was at 530 nm ([Figure 2](#f2-ijn-9-1453){ref-type="fig"}, black spectra). When the laser irradiation was initiated, the scattering spectrum of GNPs exhibited a peak shifting to longer wavelengths, and by 1 W/cm^2^, an approximately 13 nm total peak shift was noticed, strongly suggesting an induction of SPR phenomenon. Similar to other authors, we noted that the peak shift was caused by laser power instead of exposure time. It is well known that GNPs can induce extreme local heating on a timescale of up to several nanoseconds.[@b32-ijn-9-1453]

At this point, we showed that laser photoexcitation of conduction electrons induced their oscillation and consequent non-radiative relaxation through electron--phonon and subsequent phonon--phonon coupling mechanisms. We further assessed the interaction of these photoexcited nanoparticles (in a non-radiative relaxation state) with the MRSA bacteria.

Phase contrast and fluorescence microscopy
------------------------------------------

After incubation with pre-GNPs, phase contrast microscopy was performed to demonstrate the interaction of MRSA with pre-GNPs following treatment. As seen in [Figure 2C](#f2-ijn-9-1453){ref-type="fig"} and [D](#f2-ijn-9-1453){ref-type="fig"}, dark and optically dense signals that associate with a refringent signal in phase contrast examination (strongly suggesting GNPs) were noticed in these bacteria. These observations strongly suggest intracellular aggregates of GNPs pre-treated with laser radiation ([Figure 2D](#f2-ijn-9-1453){ref-type="fig"}). We were able to identify these aggregates inside MRSA bacteria that had undergone treatment with GNP solution alone, but these aggregates were significantly fewer and barely visible in contrast phase microscopy ([Figure 2C](#f2-ijn-9-1453){ref-type="fig"}).

To confirm the intensity of MRSA destruction following treatment, we further used immunofluorescence microscopy (LIVE/DEAD BacLight kit). In accordance with flow cytometric quantification, as seen in [Figure 3](#f3-ijn-9-1453){ref-type="fig"}, bacteria treated with pre-GNPs revealed significantly increased red fluorescence, suggesting higher necrosis rates in MRSA culture compared with bacteria treated with GNPs alone (chi-square, *P*\<0.05).

A moderate to high antimicrobial activity against the *S. aureus* microorganism was found for plasmonic activated GNPs ([Table 1](#t1-ijn-9-1453){ref-type="table"}). For these nanoparticles, inhibition of microorganism growth corresponded to an MIC value of 6.25% of the concentration of the pre-GNPs solution. An unfavorable MIC of 25% was obtained for the solution containing only GNPs.

Flow cytometry
--------------

Antibacterial properties of nanoparticles are a consequence of changes in local electronic structures on their surfaces. As seen in [Figures 4](#f4-ijn-9-1453){ref-type="fig"} and [5](#f5-ijn-9-1453){ref-type="fig"}, following GNP therapy as described above, the degree of MRSA destruction ranged from 28.4% (for 1 mg/L) to 72.6% (for 50 mg/L) at 60 seconds (*P*\<0.001), while at 30 minutes, the percentage of dead bacteria increased from 45.2% (1 mg/L) to 88.2% (50 mg/L), *P*\<0.001.

MRSA treated with GNPs alone (control) for 60 seconds and 30 minutes at concentrations ranging from 1 to 50 mg/L resulted in significantly lower rates of necrosis (8.3%--39.6% for 60 seconds, 9.8%--51.3% for 30 minutes; *P*\<0.001). The optimum necrotic impact of MRSA induced by pre-GNPs was achieved following treatment with pre-GNPs at 5 mg/L for 30 minutes (pre-GNPs/GNPs: 53.3%/16.2% at 30 minutes). Following an incubation period of 3--5 hours, the percentage of MRSA destruction among the two GNP solutions in low concentrations (\<20 mg/L) was of marginal statistical significance (*P*=0.081). An effect on bacteria lysis was observed in the two treated MRSA cultures, associated with elevated concentrations, but the difference between them was not significant (*P*=0.316 for 20 mg/L; *P*=0.438 for 50 mg/L).

Discussion
==========

From a clinical perspective, a revolutionary antimicrobial therapy for serious infections caused by MRSA would be represented by agents that cause physical damage to the bacteria.[@b33-ijn-9-1453]--[@b36-ijn-9-1453] In this context, one of the most promising and innovative approaches to treat MRSA infections would be to deliver highly efficient active biomolecules to the site of infection and selectively target bacteria over other cells. The therapeutic efficacy of the drug should also be easily ascertained. Since the development of resistance is expected to continue in the coming years, there is a dire need for the development of novel antibacterial agents that would direct the active molecule to the infection site. These alternative methods against MRSA, towards which no resistance can develop, would remove and inhibit those organisms relevant to infection and would be useful against all virulent strains.

Several different mechanisms of antibiotic resistance may exist. Thus, changes of the molecular or metabolic epitopes onto the surface of microorganism, chromosomal mutations or enzymatic degradation of the antibiotic, and active transportation of the antibiotic out of the cell or periplasm are the most common ways of development of antibiotic resistance in bacteria.[@b37-ijn-9-1453]

To overcome the antibiotic resistance,[@b38-ijn-9-1453]--[@b40-ijn-9-1453] several authors[@b41-ijn-9-1453] developed highly stable water soluble vancomycin-covered GNPs as polyvalent inhibitors, proving their effectiveness against vancomycin-resistant strains and Gram-negative bacteria, including MRSA. In this experiment, GNPs (4--5 nm, obtained in toluene) were conjugated with bis(vancomycin) cystamide (in H~2~O) to generate Au--S bonds that link vancomycin to gold. Finally, gold-vancomycin nanoparticles were dissolved in aqueous solution and further removed from the organic phase.

Rosemary et al[@b42-ijn-9-1453]--[@b44-ijn-9-1453] developed a complex made of ciprofloxacin and gold nanoshells that was further tested against *Escherichia coli* DH5R and *Lactococcus lactis* MG1363 using the agar dilution method, results being compared to those of free ciprofloxacin. Studies of hydrophobicity on ciprofloxacin\@SiO~2~ showed a different penetration pathway compared to the free drug. Fluorescein-isothiocyanate@ SiO~2~ helped perform nanoshell/bacteria interaction studies. The fluorescence image suggested shell internalization into the microorganism. Transmission electron microscopy was further performed on ciprofloxacin\@SiO~2~-treated *E. coli* to confirm any possible changes in morphology following treatment.

Several authors[@b45-ijn-9-1453] found that GNPs mainly exert their antibacterial action in two ways. The first one occurs by changing membrane potential and inhibiting adenine triphosphate (ATP) synthase activities to lower the level of ATP, activating metabolic pathways that generate anabolic reactions. The other occurs by inhibiting the subunit of ribosome for tRNA (transfer ribonucleic acid) binding, generating a blockade of the vital reactions in bacteria. They also proved that GNPs enhance chemotaxis in the early-phase reaction and that bactericidal GNPs did not induce any ROS (reactive oxygen species)-related process.[@b46-ijn-9-1453]

To our knowledge, our discovery represents an initial report where active plasmonic GNPs exert antimicrobial effects on MRSA bacteria. We have previously demonstrated the therapeutic impact of plasmon-active GNPs on pancreatic cancer cells.[@b47-ijn-9-1453]

From a surgical point of view, the imaging diagnosis (by computed tomography scan or ultrasound) of an abscess and its external drainage followed by the administration of the pre-activated GNPs, as well as the external laser irradiation for complete eradication of MRSA bacteria biofilm (which is responsible for the recurrence of infections), could all be safely achieved in patients by means of laparoscopic/minimal invasive surgery. Nevertheless, further investigation is required for the careful assessment of unexpected toxicities and biological interactions of bio-nanomaterials within biological systems.[@b8-ijn-9-1453],[@b48-ijn-9-1453]--[@b52-ijn-9-1453]

Conclusion
==========

We showed here that phonon--phonon interactions following laser photoexcitation of GNPs exhibit increased MRSA necrosis rates at low concentrations and short incubation times compared with MRSA treated with GNPs alone. These unique data may offer new perspectives in the field of nano-mediated antibiotherapy.
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![Schematic illustration of the proposed antimicrobial nanotherapy against MRSA, using laser pre-irradiated gold nanoparticles.\
**Abbreviation:** MRSA, methicillin-resistant *Staphylococcus aureus*.](ijn-9-1453Fig1){#f1-ijn-9-1453}

![(**A**) Transmission electron micrographs of the GNPs used for the experiments. The scale bar represents 100 nm. (**B**) Ultraviolet-visible relationship between peak wavelength and laser power in the pre-GNPs (black spectra 0.5 W/cm^2^; blue spectra 1 W/cm^2^). (**C**) Phase contrast microscopy of MRSA treated with GNPs alone (5 mg/L). (**D**) Phase contrast microscopy of MRSA treated with pre-GNPs (5 mg/L).\
**Abbreviations:** GNP, gold nanoparticle; MRSA, methicillin-resistant *Staphylococcus aureus*.](ijn-9-1453Fig2){#f2-ijn-9-1453}

![Immunofluorescence microscopy (LIVE/DEAD® Baclight™ Bacterial Viability Kit; Life Technologies, Carlsbad, CA, USA) of the bacterial population following treatment with 5 mg/L GNPs/pre-GNPs at various incubation times (red, dead bacteria; green, live bacteria). The merged images represent the superposition of dead and live bacteria.\
**Abbreviation:** GNP, gold nanoparticle.](ijn-9-1453Fig3){#f3-ijn-9-1453}

![Flowcytometric quantification of bacterial lysis in MRSA microorganism following pre-GNPs treatment.\
**Notes:** (**A** and **B**) representative FACS dot plots (red fluorescence\[FL3\] versus forward scatter\[FSC\]) gated on MRSA population are shown. (**B**) show increased red fluorescence (FL3) suggesting high viability loss after LASER irradiation following incubation for 1 hour with 5 mg/L pre-GNPs compared with GNPs only (**A**). (**C** and **D**) display histogram representation of red fluorescence, (dead bacteria) in LASER treated MRSA population following GNPs treatment (**C**) or pre-GNPs (**D**).\
**Abbreviations:** FACS, fluorescence-activated cell sorting; GNPs, gold nanoparticles; MRSA, methicillin-resistant *Staphylo coccus aureus*.](ijn-9-1453Fig4){#f4-ijn-9-1453}

![Results of experimental seriate exposure of MRSA to gold nanoparticles in different concentrations.\
**Notes:** Bars represent median dead bacteria percent as calculated by flow cytometry. Error bars represent range of dead bacteria percent. MRSA treated with GNPs only (control) for 60 seconds (**A**) and 30 minutes (**B**) at concentrations ranging from 1 mg/L to 50 mg/L resulted in significantly lower necrotic rates. Following treatment for 60 minutes (**C**) the percentages of MRSA necrosis among the two GNPs solutions in low concentrations (\<20 mg/L) was statistically significant. Treatment with high concentration of GNPs for a long period of time (24 hours) (**D**) did not reveal any significance in terms of necrotic percentage among the two MRSA cultures (GNPs and pre-GNPs).\
**Abbreviations:** GNP, gold nanoparticle; MRSA, methicillin-resistant *Staphylococcus aureus*.](ijn-9-1453Fig5){#f5-ijn-9-1453}

###### 

Minimum inhibitory concentration of GNPs against MRSA

  Well   Percentage   GNPs   Pre-GNPs
  ------ ------------ ------ ----------
  1      100          −      −
  2      50           −      −
  3      25           −      −
  4      12.5         \+     −
  5      6.25         \+     −
  6      3.13         \+     \+
  7      1.56         \+     \+
  8      0.78         \+     \+
  9      0.39         \+     \+
  10     0.20         \+     \+
  11     0.10         −      −
  12     −            \+     \+

**Notes:** +, growth of bacteria; −, no growth of bacteria; well 11, negative control; well 12, positive control.

**Abbreviations:** GNP, gold nanoparticle; MRSA, methicillin-resistant *Staphylococcus aureus*.
